Abstract. Moscatilin is a bibenzyl derivative extracted from the Dendrobium aurantiacum var. denneanum, which has traditionally been used as an immunomodulatory treatment in China. The present study was designed to determine whether moscatilin is a pro-apoptotic agent in pancreatic cancer, and to elucidate the underlying mechanisms. The apoptotic and anti-proliferative effects of moscatilin on pancreatic cancer cells were determined in vitro using biochemical assays, such as the MTT assay, colony formation assay, Hoechst staining and DNA fragmentation assay, and in vivo using Panc-1 pancreatic cancer xenografts. Western blotting was also conducted to evaluate the expression levels of B-cell lymphoma 2 (Bcl2), Bcl2-associated X protein (Bax), Bcl2 homologous antagonist killer (Bak), caspase 3, cleaved-caspase 3, poly (ADP-ribose) polymerase, p-c-Jun N-terminal kinase (JNK)/stress-activated protein kinases (SAPK) and JNK/SAPK in response to moscatilin. We used DCFH-DA to detect the production of reactive oxygen species (ROS) induced by moscatilin. The present study demonstrated that moscatilin markedly inhibited pancreatic cancer cell viability and induced cell apoptosis in a concentration-dependent manner. Conversely, moscatilin did not affect the cell viability of human umbilical vein endothelial cells at the comparable dosage. Treatment with moscatilin suppressed clonogenicity of Panc-1 cells in a concentration-dependent manner. Furthermore, a decrease in Bcl2 expression, and an increase in the expression levels of Bak and Bax, was detected following treatment with moscatilin, resulting in an increase in the proapoptotic/anti-apoptotic expression ratio (Bax/Bcl2) in Panc-1 cells. Moscatilin also induced activation of the caspase-dependent mitochondrial apoptotic pathway. In addition, moscatilin enhanced cellular ROS production and induced activation of JNKSAPK signaling pathway. Conversely, pretreatment with the ROS scavenger N-acetylcysteine or the JNK/SAPK-specific inhibitor SP600125 prevented moscatilin-mediated reductions in cell viability. Furthermore, moscatilin inhibited tumor growth in nude mice bearing Panc-1 cells, without apparent toxicity.
Introduction
Pancreatic cancer is a fatal malignancy, which has been predicted to become the second most common cause of cancer-associated mortality within the next two decades (1). The incidence of pancreatic cancer has gradually increased during recent years, predominantly due to the increased rates of obesity, smoking, alcohol abuse, pre-existing chronic pancreatitis and prior abdominal radiotherapy (2) . At present, surgery and chemotherapy during the early stages of the disease provide the best prognosis for long-term survival; however, the 5-year survival rate is still <5% and the median survival rate is rarely >20 months (3, 4) . Due to the persistent poor prognosis associated with pancreatic cancer, it is clear that more effective agents are required, and novel therapeutic strategies should be developed for the prevention and treatment of pancreatic cancer.
Oxidative stress occurs as a result of an imbalance between excessive reactive oxygen species (ROS) production and antioxidant depletion. ROS exert a critical role in several cellular processes associated with cancer development, metastasis, progression and survival (5) . The majority of chemotherapeutic and radiotherapeutic agents may be selectively toxic to tumor cells by increasing oxidative stress beyond their limit, which is thought to be contribute to sustained activation of cell-cycle inhibitors, cell death induction, and macromolecular damage-induced senescence. At present, augmentation of oxidative stress represents the best opportunity for the development of novel therapeutic strategies for cancer treatment (6) (7) (8) .
Natural products from traditional Chinese medicine (TCM) exhibit marked potential as anticancer drugs, including paclitaxel (6) , camptothecin (7) and vincristine (8) .
The Dendrobium species (Orchidaceae) has been widely used in TCM, since members of this species exert a broad spectrum of beneficial health effects, including antipyretic, eye health-promoting, immunomodulatory and anti-aging activities. This species has been used in China, India, and other countries in subtropical and Southeast Asia, for >2,000 years (9) (10) (11) . For decades, bibenzyls, which are the main bioactive components derived from Dendrobium species, have been subjected to extensive investigation as likely candidates for cancer treatment (12) (13) (14) (15) (16) (17) (18) (19) . For example, erianin exhibits anti-angiogenic activity via inducing endothelial cytoskeletal disorganization and activating the c-Jun N-terminal kinase (JNK)/stress-associated protein kinases (SAPK) signaling pathway (12, 13) . Dendrofalconerol A exerts antimetastatic effects via the suppression of epithelial-to-mesenchymal transition and integrin proteins in lung cancer (14) . In addition, gigantol inhibits migration of non-small cell lung cancer cells via a decrease in caveolin-1 protein expression, and the activation of Akt and cell division cycle 42 (15) . In our preliminary study, moscatilin, which was isolated from the Dendrobium aurantiacum var. denneanum, was revealed to exert proapoptotic effects in pancreatic cancer cells. Moscatilin has been reported to exert proapoptotic effects in esophageal cancer, antimetastatic effects in lung and breast cancer, and anti-angiogenic activities against malignant tumors (16) (17) (18) (19) . The present study aimed to investigate whether the cytotoxicity of moscatilin on Panc-1 cells was associated with intracellular ROS production, and to determine the underlying mechanisms. (Fig. 1A) was isolated from the Dendrobium aurantiacum var. denneanum. Its structure was determined using 1 H-nuclear magnetic resonance (NMR) and 13 C-NMR spectral analyses, and its purity was >98%, as determined by high-performance liquid chromatography analysis as described (20) . Moscatilin was dissolved in absolute dimethyl sulfoxide (DMSO), and was further diluted with culture medium on the experimental day.
Materials and methods

Chemicals and reagents. Moscatilin
Antibodies Colony formation assay. Cells were resuspended in 1.5 ml growth media containing 0.3% low-melting temperature agarose, and were plated in 6-well plates over a base layer of 1.5 ml growth media containing 0.6% low-melting temperature agarose. The cells were allowed to form colonies for 15 days at 37˚C in a humidified atmosphere containing 5% CO 2 . The colonies were fixed with 4% paraformaldehyde for 30 min at room temperature and were then stained with 0.04% crystal violet for 30 min at room temperature. Colonies with >50 cells were counted as one positive colony under a microscope (IX81; Olympus Corporation, Tokyo, Japan). The inhibition of colony formation was exhibited as a percentage of vehicle control.
Hoechst 33342 staining assay. Cells (1x10 5 cells/well) were seeded into 6-well plates in DMEM supplemented with 10% FBS. After attachment, cells were treated with various concentrations of moscatilin (0-25 µM) for 24 h. After treatment, the cells were incubated with Hoechst 33342 (10 µg/ml) for 5 min at room temperature in the dark. After incubation, stained cells were observed under a fluorescent microscope.
DNA fragmentation assay. Cells (3x10
5 cells/well) were seeded into 60 mm plates in DMEM supplemented with 10% FBS. After attachment, cells were treated with moscatilin (0-25 µM) for 24 h. After treatment, cells were lysed and the fragmented DNA in the lysate was extracted using a DNA extraction kit (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's protocols. Briefly, the fragmented DNA in the lysate was extracted with phenol/chloroform/isopropyl alcohol (25:24:1, v/v), and then precipitated for 10 min in liquid nitrogen with chilled 100% ethanol and 3 M sodium acetate. The DNA pellet produced by centrifuging at 12,000 x g for 15 min at 4˚C, the pellet was then washed with 70% ethanol and resuspended in Tris-HCl (pH 8.0) with 100 µg/ml RNase A for 1 h at 37˚C. The DNA fragments were separated by 1.5% agarose gel electrophoresis, stained with ethidium bromide and images were captured under ultraviolet light.
Measurement of ROS formation.
After treatment with moscatilin (0-25 µM), the cells were stained with DCFH-DA for 30 min at 37˚C in the dark. Subsequently, stained cells were observed under a fluorescent microscope and absorbance was measured at 488 nm (excitation wavelength) and 525 nm (emission wavelength).
Western blotting. After treatment with moscatilin (0-25 µM), the cells were lysed in lysis buffer containing 50 mM Tris (pH 7.5), 1 mM EDTA, 150 mM NaCl, 20 mM NaF, 0.5% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin and 10 µg/ml pepstatin A. Protein concentration was determined using Bradford protein assay kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Protein samples (30 µg) were separated using 10 or 12% premade SDS-PAGE gels, and were then transferred to a nitrocellulose filter membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membrane was blocked with 10% bovine serum albumin (Santa Cruz Biotechnology, Inc.) in 1X Tris-buffered saline-0.05% Tween-20 (TBST) for 2 h at room temperature. Following blocking, the membrane was incubated with primary antibody (1:1,000) at 4˚C overnight. Statistical analysis. Data are presented as the mean ± standard error of the mean. Normal distributed data with equal variance were analyzed using one-or two-way analysis of variance followed by Fisher's LSD multiple comparisons test or Student's unpaired t-test for single comparisons using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Moscatilin inhibits viability of pancreatic cancer cells.
It is well known that cancer cell viability is an important feature of cancer growth and development. The present study initially investigated the cytotoxicity of moscatilin in a panel of cell lines using the MTT assay. Following treatment with (Fig. 1B) . Among the cell lines, the pancreatic cell lines were most sensitive to moscatilin (Fig. 1B) . Conversely, moscatilin had little effect on the cell viability of HUVECs (Fig. 1B) . Subsequently, the inhibitory effects of various concentrations of moscatilin were detected on Panc-1 cell viability. As shown in Fig. 1C, 24 or 48 h treatment with moscatilin (0-50 µM) markedly inhibited the viability of Panc-1 cells in a concentration-dependent manner.
Moscatilin suppresses clonogenicity of pancreatic cancer cells.
To determine the potential effects of moscatilin on long-term proliferation, a colony formation assay was conducted. Panc-1 cells were exposed to moscatilin (0-25 µM) for 15 days. In Panc-1 cells, colony formation was significantly decreased following treatment with moscatilin. An initial decrease in clonogenicity was observed following treatment with 6.25 µM moscatilin, and a maximal response was detected following treatment with 25 µM moscatilin ( Fig. 2A and B) . These results suggest that treatment with moscatilin suppressed clonogenicity in a dose-dependent manner compared with the control group.
Moscatilin induces apoptosis of pancreatic cancer cells.
To determine whether the reduction in cell viability by moscatilin was due to the induction of apoptosis, Hoechst staining and a DNA fragmentation assay were conducted. In Panc-1 cells, treatment with moscatilin for 24 h led to nuclear fragmentation and chromatin condensation in a concentration-dependent manner, as determined by Hoechst staining (Fig. 3A) . Similarly, the present study observed an induction in apoptotic DNA fragmentation following treatment with moscatilin (0-25 µM) for 24 h, as evidenced by the DNA fragmentation assay (Fig. 3B) . 
Moscatilin induces activation of the mitochondrial apoptotic pathway.
To investigate whether moscatilin induced apoptosis via triggering the mitochondrial apoptotic pathway, the expression levels of Bcl2 family proteins, including Bcl2, Bax and Bcl2 homologous antagonist killer (Bak), were detected in the presence of moscatilin. The results indicated that treatment with moscatilin induced a decrease in Bcl2 expression, and an increase in the expression levels of Bak and Bax, which led to an increase in the Bax/Bcl2 ratio ( Fig. 4A and B) . In addition, treatment with moscatilin led to the cleavage of caspase 3 and PARP in Panc-1 cells (Fig. 4C) . Similarly, treatment with the Pan-caspase inhibitor Z-VAD-FMK prevented reductions in cell viability in response to moscatilin (Fig. 4D) . These results indicate that moscatilin inhibits viability and induces apoptosis via the mitochondrial apoptosis pathway.
ROS/JNK signaling pathway is involved in cell apoptosis in
response to moscatilin. ROS exert a pivotal role in various processes associated with tumor progression. High ROS levels are required for the initiation of apoptotic responses induced by some anticancer agents (22, 23) . The present study demonstrated that treatment with moscatilin led to an increase in ROS generation. The ROS levels in Panc-1 cells were increased by moscatilin in a dose-dependent manner, with 1.2-, 1.9-and 3.0-fold increases detected following treatment with 6.25, 12.5 and 25 µΜ moscatilin, respectively ( Fig. 5A and B) . Similarly, treatment with the ROS scavenger NAC prevented the reductions in cell viability in response to moscatilin treatment (Fig. 5C) .
The JNK/SAPK signaling pathway is downstream of the ROS signaling pathway, which is implicated in controlling cell proliferation, differentiation and apoptosis (24) . As shown in Fig. 5D , phosphorylation of JNK/SAPK was observed following treatment with 6.25 µΜ moscatilin, and was maintained up to 25 µΜ. Conversely, moscatilin-induced activation of JNK/SAPK was attenuated in Panc-1 cells following pretreatment with the ROS scavenger NAC (Fig. 5E) . Furthermore, the moscatilin-induced reduction in cell viability was attenuated by the JNK/SAPK-specific inhibitor SP600125 (Fig. 5F ). These results indicate that the ROS/JNK signaling pathway may serve a pivotal role in apoptotic induction of Panc-1 cells by moscatilin.
Moscatilin inhibits pancreatic cancer growth in vivo.
To determine the potential effects of moscatilin on pancreatic cancer growth and development, equal numbers of Panc-1 pancreatic cancer cells were subcutaneously injected into the left front leg of nude mice. Once the tumors reached ~30 mm 3 , the mice were treated intraperitoneally with control (0.5% DMSO and 0.5% Tween-80 in normal saline) or moscatilin (25 mg/kg) every day. Following treatment with moscatilin for 21 days, tumor weight was reduced by 52% compared with in the control group (Fig. 6A-C) . There was no difference in body weight between the control and moscatilin-treated groups (Fig. 6D) .
Discussion
Pancreatic cancer is the fourth leading cause of cancer-associated mortality worldwide, and is one of the most invasive and frequently diagnosed malignancies, due to its poor prognosis (1,4) . The high mortality rate associated with pancreatic cancer indicates that the currently available treatments, such as chemotherapy, are ineffective (3, 4) . Therefore, there is an increasing need to identify novel proapoptotic agents that can be used to treat tumor growth in the advanced stages of pancreatic cancer.
Cell proliferation is considered to be an important feature of cell growth and development. The present study demonstrated that moscatilin markedly inhibited the viability of various cancer cell lines, and exhibited higher sensitivity in pancreatic cancer cell lines. Conversely, moscatilin failed to affect the cell viability of normal HUVECs. These results indicated the specific anti-tumor activity of moscatilin, and suggested it possessed a favorable therapeutic index. Furthermore, moscatilin was revealed to strongly suppress pancreatic tumor growth and development, without any apparent toxicity, in vivo. In previous studies, moscatilin has been demonstrated to possess proapoptotic effects in esophageal cancer, antimetastatic effects in lung and breast cancer, and anti-angiogenic activity against malignant tumors (16) (17) (18) (19) . These previous data indicated that moscatilin is worthy of being developed into a therapeutic agent for the prevention and treatment of pancreatic cancer. Apoptosis serves a pivotal role in the development of cancer, including cancer initiation, progression and metastasis (25, 26) . It has previously been reported that apoptosis is characterized by certain hallmarks, such as phosphatidyl serine exposure on the plasma membrane, activation of caspase 3 and PARP, and DNA fragmentation (27) . The results of the present study indicated that activation of caspase 3 and PARP contribute to moscatilin-induced apoptosis of Panc-1 cells. The key event in the intrinsic apoptotic pathway is permeabilization of the mitochondrial outer membrane, which occurs in response to various stimuli, and is regulated by several cytoplasmic proteins, including Bcl2 family members (28) . Anti-apoptotic members, such as Bcl2, prevent apoptosis, whereas proapoptotic members, such as Bax and Bak, reside on the outer mitochondrial membrane or cytosol and oligomerize under stress to facilitate the release of factors from the mitochondria, which trigger apoptosis (29) . Therefore, the Bax/Bcl2 ratio, as a candidate prognostic biomarker for cancer, indicates the degree of mitochondrial outer membrane permeabilization and hence the entrance to the execution phase of the apoptotic pathway. The present study indicated that an increase in Bak expression and an increase in the Bax/Bcl2 (proapoptotic/anti-apoptotic) ratio contribute to the involvement of the mitochondrial-mediated intrinsic pathway in moscatilin-induced apoptosis.
ROS are recognized as intracellular secondary messengers in various cell receptor signal transduction pathways. Although higher than normal ROS levels are observed in cancer cells, it has previously been suggested that cancer cells are more vulnerable to intracellular ROS introduction (30) . Therefore, cancer treatment by means of enhancing intracellular ROS production may be considered an effective approach. Natural compounds, such as nimbolide and bufalin, are able to induce pancreatic cancer cell apoptosis by increasing ROS levels (31, 32) . The present study demonstrated that treatment with 25 µM moscatilin led to an increase in ROS generation; however, moscatilin-inhibited cell viability was abolished by NAC, thus suggesting that ROS is responsible for the proapoptotic effects of moscatilin on pancreatic cancer cells. Kowitdamrong et al (18) demonstrated that moscatilin (1 µM) suppressed ROS generation and FeSO 4 -mediated ROS generation, and the inhibition of ROS was critical for moscatilin-mediated suppression of cell motility and invasion, but not cell growth, in lung cancer. The different effects of moscatilin on ROS levels may be due to the various concentrations of moscatilin used, or may be attributed to different cancer cell functions (cancer cell growth and cancer cell metastasis), or the fact that Panc-1 pancreatic cancer cells and H23 lung cancer cells are two different cancer cell lines.
Mitogen-activated protein kinases, including extracellular signal-regulated kinase (ERK1/2), p38 and JNK/SAPK, are primarily activated by exposure to ROS and serve important roles in regulating cell proliferation, differentiation, mitosis, survival and apoptosis (33, 34) . Although the ERK1/2 pathway is considered a great contributor to oncogenesis, a previous study demonstrated that it serves a lesser role in mitogen-induced survival of pancreatic cancer (35) . In addition, JNK/SAPK activation is considered an important apoptosis-inducing factor that exerts proapoptotic effects on apoptosis of cancer cells (36, 37) . Previous studies have indicated that JNK/SAPK activation results in an increase in the number of apoptotic cells in response to several anticancer agents in pancreatic cancer (38, 39) . The present study demonstrated that treatment with moscatilin induced sustained activation of JNK/SAPK, and the phosphorylation of JNK/SAPK was dependent on ROS generation, which was prevented by treatment with the ROS scavenger NAC. Furthermore, treatment with a JNK/SAPK inhibitor restored the viability of moscatilin-treated Panc-1 cells. These observations indicate that elevation of ROS generation and the subsequent activation of JNK/SAPK serves a crucial role in the induction of programmed cell death in pancreatic cancer in response to moscatilin.
In conclusion, the present study demonstrated that moscatilin increases ROS generation and subsequently activates the JNK/SAPK pathway, which modulates the Bax/Bcl2 ratio, thus leading to the caspase-dependent mitochondrial apoptotic pathway. The present study provided detailed mechanistic insights into the proapoptotic effects of moscatilin in cells; these data strongly support the application of moscatilin as a potential future treatment against pancreatic cancer.
